Abstract. Reduction of rainfall and runoff in recent years across southwest Western Australia (SWWA) has attracted attention to the climate change impact on water resources and water availability in this region. In this paper, the hydrologic impact of climate change on the Murray-Hotham catchment in SWWA has been investigated using a multi-model ensemble approach through projection of rainfall and runoff for the periods mid (2046)(2047)(2048)(2049)(2050)(2051)(2052)(2053)(2054)(2055)(2056)(2057)(2058)(2059)(2060)(2061)(2062)(2063)(2064)(2065) and late (2081-2100) this century. The Land Use Change Incorporated Catchment (LUCICAT) model was used for hydrologic modelling. Model calibration was performed using (5 km) grid rainfall data from the Australian Water Availability Project (AWAP). Downscaled and bias-corrected rainfall data from 11 general circulation models (GCMs) for Intergovernmental Panel on Climate Change (IPCC) emission scenarios A2 and B1 was used in LUCI-CAT model to derive rainfall and runoff scenarios for 2046-2065 (mid this century) and 2081-2100 (late this century). The results of the climate scenarios were compared with observed past (1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969)(1970)(1971)(1972)(1973)(1974)(1975)(1976)(1977)(1978)(1979)(1980) climate. The mean annual rainfall averaged over the catchment during recent time (1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000) was reduced by 2.3 % with respect to the observed past (1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969)(1970)(1971)(1972)(1973)(1974)(1975)(1976)(1977)(1978)(1979)(1980) and the resulting runoff reduction was found to be 14 %. Compared to the past, the mean annual rainfall reductions, averaged over 11 ensembles and over the period for the catchment for A2 scenario are 13.6 and 23.6 % for mid and late this century respectively while the corresponding runoff reductions are 36 and 74 %. For B1 scenario, the rainfall reductions were 11.9 and 11.6 % for mid and late this century and the corresponding runoff reductions were 31 and 38 %. Spatial distribution of rainfall and runoff changes showed that the rate of changes were higher in high rainfall areas compared to low rainfall areas. Temporal distribution of rainfall and runoff indicate that high rainfall events in the catchment reduced significantly and further reductions are projected, resulting in significant runoff reductions. A catchment scenario map has been developed by plotting decadal runoff reduction against corresponding rainfall reduction at four gauging stations for the observed and projected periods. This could be useful for planning future water resources in the catchment. Projection of rainfall and runoff made based on the GCMs varied significantly for the time periods and emission scenarios. Hence, the considerable uncertainty involved in this study though ensemble mean was used to explain the findings.
in local research (Ryan and Hope, 2006) and policy initiatives (WA, 2003) . Perth's surface water catchments are located in the Darling Range in SWWA. The winter rainfall in the Darling Range has decreased by up to 20 % over the past 30 years, resulting in a 40 % or more reduction in runoff to reservoirs supplying water to Perth (IOCI, 2002; Bari and Ruprecht, 2003; Water Corporation, 2009 ). On the other hand, the population of Western Australia has been increasing and is predicted to rise from 1.1 to 3.1 million by 2050 for SWWA . Hence, with a trend of below-average rainfall for the last several decades, a recent succession of dry years and an increasing trend of population growth have focused the attention of scientists and policy makers on the issue of availability and reliability of water resources in SWWA. In this study, climate change impact on rainfall and runoff during mid and late this century in the Murray-Hotham catchment ( Fig. 1 ) of SWWA has been assessed for A2 and B1 emission scenarios.
General circulation models (GCMs) can simulate reliably most of the important features of global climate at the large scale (Zorita and Storch, 1999) and are still the most important source of generating future climate scenarios based on emission scenarios. Ranged from warmest to coolest, the emission scenarios presented in the IPCC Special Report on Emission Scenarios (SRES) are A1FI, A2, A1B, B2, A1T, and B1 (IPCC, 2000) . Though climate change impact studies on the hydrologic regime were relatively rare until the last decade (Dibike and Coulibaly, 2005) , there have since been numerous studies carried out in a wide variety of environments around the world (Kundzewicz et al., 2007; Bates et al., 2008) . As hydrologists and decision makers are mostly interested in evaluating climate change impact at the individual catchment and stream level, with a huge number of downscaling works from climate model output (Flower and Wilby, 2007) , the number of climate change impact studies at the catchment scale is increasing. It appears that all the climate change impact studies are carried out through the downscaling of climate model scenario(s) which are subsequently used as an input to calibrate a hydrologic model(s) for hydrologic output. In reality, every study is unique based on the selection of climate model(s), downscaling technique(s), hydrologic model(s), environment, objective of the study, timescale and emission scenario(s). For example Cherkauer and Sinha (2010) studied the impact of projected climate (early 2010-2039, mid-century 2040-2069 and late century 2070-2099) in the Lake Michigan region using IPCC Fourth Assessment Report (AR4) data. They produced maps of surface runoff and baseflow, and presented hydrologic aspects of the distribution of the daily flow and seasonal variation of flows. Shrestha et al. (2012) investigated climate change effects on runoff, snowmelt and discharge peaks in two representative sub-catchments of the Red and Assiniboine basins in the Lake Winnipeg watershed (dominated by spring snowmelt runoff), Canada, for a 21-year baseline and future climate using climate forcing derived from three regional climate models (RCMs). Fujihara et al. (2008) explored the potential impacts of climate change on the hydrology and water resources of the Seyhan River basin in Turkey using dynamically downscaled data of two GCMs, MRI-CGCM2 (Yukimoto et al., 2001) and MIROC (K-1 Model Developers, 2004) , under the A2 scenario for two 10-year time slices, the present (1990s) and the future (2070s). They found that water use and management will play more important roles than climate change in controlling future water resources in the Seyhan River basin. For the Okanagan Basin, a snow-driven semi-arid basin located in the southern interior region of British Columbia, Merritt et al. (2006) generated climate scenarios using three GCMs (CGCM2, CSIROMk2, and HadCM3) for high (A2) and low (B2) emission scenarios for the periods 2010-2039 (2020s), 2040-2069 (2050s) and 2070-2099 (2080s) . Findings include a precipitation increase of the order of 5-20 % by the 2050s in the Okanagan Basin (Merritt et al., 2006) . Christensen and Lettenmaier (2007) assessed the impact of climate change on the hydrology and water resources of the Colorado River basin using a multi-model ensemble approach with downscaled and bias-corrected output from 11 GCMs. They used each of the 11 GCMs to downscale climate scenarios (ensembles) to the variable infiltration capacity (VIC) macro-scale hydrology model for the two emission scenarios A2 and B1. Studies on the hydrological impact of climate change are continuing around the world (Nóbrega et al., 2011; Hughes et al., 2011; and Mahat and Anderson, 2013) . Results of these impact studies on rainfall and runoff changes in the catchments vary widely in sign and magnitude and each study appears unique in nature. Therefore, the findings of one study cannot be replicated in another catchment and the need for climate change impact studies for individual catchments appears to be ever-increasing.
In Australia, Charles et al. (2007) investigated rainfall and runoff change during mid-century along with quantifying the uncertainty involved in downscaling multisite daily precipitation across SWWA using multiple GCMs for the A2 emission scenario. The annual rainfall decrease during mid-century for two GCMs, CSIRO Mk3 and CSIRO Conformal Cubic Atmospheric Model (CCAM), was found to be 12-14 % and the resulting decrease of runoff was found to be 30-44 %. Bari et al. (2010) examined long-term water availability in the Serpentine catchment of SWWA through future (2046-2065 and 2081-2100) rainfall-runoff projection, using the rainfall data from 11 GCMs for the emission scenarios A2 and B1. The findings show that nearly all GCMs projected rainfall reductions by mid and late this century (Bari et al., 2010) . Other studies assessing the impact of climate change on water resources and catchment hydrology in Australia include Ritchie et al. (2004) , and Islam et al. (2011) . However, most of these studies are focused on specific climate scenarios (Bari et al., 2010) . In another study, Chiew et al. (1995) simulated the impact of climate change on runoff and soil moisture in 28
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Australian catchments for the years 2030 and 2070 using results from five GCMs applied to a hydrologic daily rainfallrunoff model. They found runoff changes up to ±50 % near the western coast of Australia during 2030, compared to the runoff during 1974 -1986 . Joyce (2007 examined future climate variability and hydrologic impact of climate change on the Murray-Hotham catchment using the CSIRO CCAM run for A2 scenario. She found that a 13 % decrease of mean annual rainfall is projected with a corresponding 49 % decrease in stream flow during 2035-2064, compared to the baseline period 1975-2004 .
With a recent trend of drying climate in SWWA, understanding future climate change impact is a necessity, particularly for planning future water resources. Water agencies in Western Australia are shifting their policy from surface water dependence to more reliance on groundwater and desalination. For planning water resources, water resources managers and policy makers need to answer questions like "Will the declining trend of rainfall and runoff in Perth's surface water catchments continue during mid and late this century?" Limited study has been carried out in the SWWA using multiple GCM data for different climate scenarios for longer periods. The literature suggests that climate change and its impact vary widely geographically, from continent to continent, country to country and even catchment to catchment. In addition, though GCMs are the best available tools for generating climate change scenarios based on emission scenarios, the results of the GCMs vary considerably. Selection of downscaling methods and hydrologic model also affects the outcome of climate change impact studies, though GCMs are still the largest source of uncertainty. Thus, to develop a range of plausible scenarios of future impact, drawing multiple trajectories using multiple GCM output is a recent trend in climate change impact study. Hence, there is a prevailing research gap regarding the probable climate change impact on water resource catchments in SWWA addressing the need of water resources planning, particularly using multiple climate model scenarios.
Most of Perth's surface water supply dams are located along a line from Mundaring (about 90 km east of Perth) to Wellington (about 40 km east of Bunbury), north to south (Fig. 1) . The Murray River basin lies in the middle of this line and there are three dams located in the lower areas of the basin -Serpentine, North Dandalup and South Dandalup. The Murray-Hotham catchment is located in upper areas of the Murray River basin (Fig. 1 ) and has been selected for this study as a representative catchment of Perth's surface water supply catchments. The aim of this study is to investigate the climate change impact on rainfall and runoff across the Murray-Hotham catchment during mid (2055) and late this century (2090) using 11 climate model data sets reported in IPCC AR4 (IPCC, 2007) for A2 and B1 emission scenarios. Preliminary findings of this research focusing on stream flow reduction has been presented at a conference . In this paper, spatial and temporal variability along with probability of exceedance of observed and projected rainfall and runoff are presented. In addition, a catchment scenario map has been developed plotting decadal rainfall and runoff change for observed and projected periods, which can be used for future water resources planning.
The Murray-Hotham catchment
The Murray River catchment, with an area of 6736 km 2 , lies within the Murray River basin and the Peel-Harvey subregion, around 110 km southwest of Perth in Western Australia (Fig. 1) . To distinguish this study area from the wellknown Murray-Darling catchment in eastern Australia, it is referred to as the Murray-Hotham catchment in reference to the two major rivers in the catchment. Geologically, the catchment is located in the Darling Plateau, the surface of Yilgarn Block. With an average elevation of about 300 m, the plateau is veneered with laterite of Tertiary age formed through weathering of the basement rocks, overlaying the Archaean granite and metamorphic rocks (DoW, 2011) . The climate of the catchment is temperate based on the Köppen classification system (Stern et al., 2000) with hot dry summers and cool winters with most of the rainfall (around 75 %) occurring during winter between May and September. Observed mean annual rainfall varied across the catchment from east to west, low (400 mm) to high (1100 mm) with a gradual increase. Mean annual rainfall above 700 mm is mostly in the lower end (west) of the catchment and very high rainfall (900 mm and above) is very much concentrated in the bottom end of the catchment. Generally, summer rainfall is due to tropical storms and winter rainfall is predominantly due to frontal systems from the southwest . Mean annual evaporation ranges from 1600 mm towards the southwest to 1800 mm in the northeast corner of the basin (Mayer et al., 2005) . Mean annual rainfall and runoff of contributing catchments at the gauging stations are presented in Table 1 . The Murray River is one of the largest rivers in terms of flow volume in SWWA which begins as the Hotham and Williams River systems and drains into the Indian Ocean via the Peel Inlet near Mandurah. Murray is the only free-flowing river (devoid of dam) in the northern Jarrah Forest in Western Australia. Passing through the hilly country, the rivers deepen and unite to form the Murray at south of Boddington, then passing through the Darling Range and onto the coastal plain (Pen and Hutchison, 1999) . Above the Baden Powell Spout on the Murray River, about 60 % of the catchment has been cleared. Though the valleys of the catchment were cleared from the 1980s onward, broad acre clearing began in 1950s (PWD, 1984) and the cleared area is used for sheep and cattle grazing with some cereal production (Beeston et al., 2002) . Recent vegetation in the catchment is mostly Eucalyptus woodland from Marradong Road Bridge eastwards, and the remaining part is Eucalyptus open forest (DoW, 2011) . 
Data and methods

General circulation models and climate change scenarios
Eleven GCMs were selected based on the available literatures, the IPCC Fourth Assessment Report (AR4; IPCC, 2007), and major climate modelling centres worldwide. These models provide consistent runs for the future simulation period (2000-2100) and the 20th century for the emission scenarios A2 and B1 (Christensen and Lattenmaier, 2007) . These models are also found to be suitable for the Australian climate as given in Bari et al. (2010) . The selected GCMs are listed in Table 2 . The six plausible emission scenarios generated by the IPCC in its Special Report on Emission Scenarios (SRES) for future greenhouse gas emissions are: A1FI, A1B, A1T, A2, B1, and B2. In terms of global greenhouse gas emissions and global temperature increase, the scenarios can be arranged from warmest to coolest as A1FI, A2, A1B, B2, A1T, and B1. According to the IPCC SRES (IPCC, 2000) , A2 represents a very heterogeneous world with high population growth, slow economic development and slow technological change. On the other hand, B1 describes a convergent world with a global population that peaks at mid-century, very rapid economic growth, rapid introduction of new and more efficient technologies. In terms of CO 2 emission level at the end of this century, global average CO 2 concentrations will reach to 850 ppm under A2 scenario. Under B1 scenario, CO 2 concentrations will initially increase at nearly similar rate as A2 scenario, but will level off at around mid-century and end at 550 ppm (IPCC, 2000) . The scenarios A2 and B1 are selected for this study as these are widely simulated in all models and represent a plausible range of conditions over this century (Christetensen and Lattenmaier, 2007) .
The LUCICAT hydrologic model
The LUCICAT is a semi-distributed hydrologic model that divides a large catchment into small response units (RUs) (Bari and Smettem, 2003) . The RUs are the fundamental "building blocks" that can account for varying spatial distribution of rainfall, pan evaporation, land use, catchment attributes and other hydrologic parameters (Bari and Smettem, 2006) . The three main components of a building block are (Bari and Smettem, 2003) : (i) a two-layer unsaturated soil module (dry, wet and subsurface stores), (ii) a saturated subsurface groundwater module and (iii) a transient stream zone module. The upper-zone unsaturated store is represented by the variable infiltration capacity (VIC) model with a simple probability distribution function of the soil moisture capacity (Wood et al., 1992) . The transient stream zone delineates groundwater-induced saturated areas along the stream zone while unsaturated zone represents water movement in the fluxes between the top layer dry and wet stores. Groundwater storage governs the groundwater and salt fluxes towards the stream zone. The runoff from RUs is routed using the Muskingum-Cunge routing scheme which subsequently flows through a channel network following the principles of open-channel hydraulics (Miller and Cunge, 1975) . The model runs in a daily time step and runoff can be simulated at any nominated node ). The LUCICAT model is used widely for water resources assessment in most of the Western Australian catchments and a few eastern states' catchments.
Data, downscaling and modelling
The hydrological impact of climate change on MurrayHotham catchment is assessed through projection of rainfallrunoff for the two IPCC emission scenarios A2 and B1 for the periods 2046-2065 and 2081-2100 respectively. The LUCI-CAT hydrologic model is applied to simulate future rainfallrunoff using downscaled and bias-corrected rainfall data of GCMs. A conceptual diagram of the hydrologic modelling using the LUCICAT model is shown in Fig. 2 . At first input files with attribute of catchment, channels, nodes and rainfall stations were prepared through processing of a digital elevation model (DEM) of the catchment using ArcGIS. The attribute files were developed by dividing the catchment into 135 RUs. Land use history and pan evaporation data were considered as input for model calibration. The model was calibrated at five gauging stations ( al., 2009). The downscaled rainfall data were subsequently used as input into the calibrated model for generating rainfall and runoff scenarios. The annual rainfall processed for the hindcast period using downscaled GCMs data was compared with observed annual rainfall. A scale factor was developed for each of the GCMs to match the hindcast annual rainfall with the observed annual rainfall. The corresponding scaling factors are applied to downscaled daily rainfall data (2046) (2047) (2048) (2049) (2050) (2051) (2052) (2053) (2054) (2055) (2056) (2057) (2058) (2059) (2060) (2061) (2062) (2063) (2064) (2065) (2081) (2082) (2083) (2084) (2085) (2086) (2087) (2088) (2089) (2090) (2091) (2092) (2093) (2094) (2095) (2096) (2097) (2098) (2099) (2100) for the emission scenarios of A2 and B1. Processed rainfall and runoff scenarios along with historical data were then analysed, compared and presented. To address uncertainties involved with the GCM data, a multi-model ensemble approach (with 11 GCMs' data) was adopted and the ensemble mean was derived.
Calibration
The LUCICAT model has 29 model parameters which are grouped as (i) an estimated a priori group which do not need calibration and (ii) a variable set of eight physically meaningful parameters, which need calibration. Values of parameters in the priori set are determined from independent field investigation, published reports or previous modelling experience. The priori parameters represent empirical relationships of measurable characteristics of a catchment though observation, for example vegetation and soil properties, geomorphology and other topographic features. On the other hand, parameters of the variable set can be estimated for a catchment from previous applications but these have to be calibrated with the objective of the best model fit. Hence, a combination of the two approaches is used to calibrate the model. As a fundamental building block, each RU of the model shares a set of model parameters. The model is calibrated for a catchment at each gauging station by a trial and error process against a standard set of criteria. The calibration criteria are (i) joint plot of observed and simulated daily flow series, (ii) scatter plot of monthly and annual flow, (iii) flow period error index (EI), (iv) Nash-Sutcliffe efficiency (E 2 ), (v) explained variance, (vi) correlation coefficient (cc), (vii) overall water balance (E) and (viii) flow duration curves. The EI is a numerical measure of the difference between the daily non-zero flow periods of observed and modelled flow. Overall water balance (E) is the measure of difference of mean daily observed flow and mean daily modelled flow compared to mean daily observed flow for the period. The literature suggests that simulated mean annual flow at all gauging stations must be within ±5-10 % of the observed flow. At all the gauging stations in a catchment values of Nash-Sutcliffe efficiency and correlation coefficient for daily stream flow should be greater than 0.5 and 0.75 respectively while simulated daily flow duration curve should closely match the observed one ). 
Catchment hydrology
The runoff rate (runoff divided by rainfall) across the catchment has changed significantly in the last several decades. Figure 3 shows variation of annual flow with annual rainfall at the four gauging stations of the catchment for five different periods, 1961-1970, 1971-1980, 1981-1990, 1991-2000 and 2001-2009 . The runoff rate was found to be higher in the period 1961-1970 followed by a relatively drier decade across the catchment. Then, compared to 1970s, for last three decades runoff rate increased marginally in the upper part (low-rainfall area) of the catchment ( Fig. 3b and c) at Marradong Road Bridge and Saddleback Road Bridge. On the other hand, runoff rate decreased downstream (the higherrainfall part) (Fig. 3d) at Yarragil. During the last three decades, overall, total runoff declined due to the absence of high rainfall in last three decades and this was found to be dominant in the high-rainfall part of the catchment. Similar changes of total runoff were also observed in other studies (CSIRO, 2009; DoW, 2010) .
Calibration and validation
The model was calibrated at five gauging stations over the catchment for 1960-2004 and validated for 2005-2009 until the mean differences of observed and simulated annual average flow were found to be within ±5.5 %. However, the result of Pumphreys Bridge gauging station is not presented here due to insufficient data. Results revealed that the model is adequate to describe annual flow, daily flow and flow duration. A systematic decline of annual rainfall was observed in SWWA since 1970 (IOCI, 2002; CSIRO, 2009 ) which resulted in subsequent decline of annual stream flow (Bari and Ruprecht, 2003) . The overall (1960-2009) water balance (E) varied from −0.01 to 0.08 (Table 3) across the catchment which means that variation of mean daily modelled flow with mean daily observed flow is −1 to 8 % for the calibration and validation period . The overall (1960-2009) Nash-Sutcliffe efficiency (E 2 ) varied from 0.47 to 0.84 and flow period error index (EI) varied from 0.86 to 1.05 across the catchment (Table 3 ). The correlation coefficient (CC) between daily observed and model flow has been used for both calibration and validation (Table 3 ). Figure 4 shows that the model can predict the trend of climate change in annual flows at four gauging stations. The R 2 value of model fitting for In addition to annual flow, the model was also calibrated for daily flow (Fig. 5) . The model was found to be well fitted for depicting daily flow (e.g. high, medium and low flow). Results also revealed that the model is capable of describing peaks, duration of flow and recession for all flow (e.g. high, medium and low flow) conditions. The daily flow model was validated with hydrographs at all gauging stations and it was found that it can predict future daily stream flow for the catchment and was very effective in describing peaks, duration of flow and recession (Fig. 5e, f) . Table 3 presents a summary of model performance based on observed and simulated daily flow. past is presented in Table 4 . In a catchment scale at Baden Powell, observed rainfall has shown a declined trend (Fig. 6 ) in recent times with mean annual rainfall decreasing by 2 %, from 623 mm to 609 mm (Table 4) . Most of the rainfall reduction is due to the absence of a high rainfall event. For example, in recent times the 90th percentile rainfall has decreased by 11 %, 50th percentile rainfall has changed very little and 10th percentile rainfall has increased by 16 %. Details of rainfall variability for contributing catchment at four gauging stations for observed and projected periods are presented in Table 4 . At Marradong Road Bridge, the contributing catchment is the lowest rainfall area in terms of mean annual rainfall with an historical mean annual rainfall of 547 mm and rainfall reduction during recent times is 2 %, while mean annual rainfall decreased from 552 to 542 mm. The contributing catchment at Saddleback Road Bridge, also another lowrainfall part of the catchment, experienced the highest rainfall reduction (3 %) in terms of percentage reduction of mean annual rainfall in recent times. During recent times, the rainfall in the contributing catchment at Yarragil Formation experienced a reduction of mean annual rainfall of around 2 % (Table 4 ). The contributing catchment at Yarragil belongs to a high-rainfall part of the catchment with historical, past and recent mean annual rainfall of 964, 975 and 953 mm. As a result, the absolute amount of mean annual rainfall reduction (22 mm) is more than the higher-rainfall reduction experiencing part (18 mm at Saddleback Road Bridge) of the catchment (Table 4) . At Baden Powell during mid this century, including low rainfall, further reduction of rainfall is projected for both scenarios A2 and B1 ( Fig. 6a and b) . For instance, projections for scenarios A2 and B1 indicate 90th percentile rainfall reduction by 13 and 11 %, 50th percentile rainfall reduction by 15 and 16 % and 10th percentile rainfall decrease by 9 and 4 % (Table 4) . Hence, during mid-century, all (high, medium and low) rainfall in the catchment is expected to decrease compared to that of the observed past under both scenarios. At Marradong Road Bridge, under scenario A2, the 50th and 10th percentiles of mean annual rainfall are projected to reduce by 21 and 17 % respectively while the 90th percentile is projected to decrease by 15 %, resulting in an overall 13 % reduction of rainfall during mid this century. Compared to observed rainfall in recent times, the projected high rainfall during mid-century is expected to remain close to the observed. Mean annual rainfall at Saddleback Road Bridge during midcentury is projected to decrease by 13 and 12 % for scenarios A2 and B1, with most of the rainfall reduction due to a fall of high and medium rainfall. Compared to recent observed rainfall, projected high annual rainfall during mid-century is expected to remain similar to the observed, while medium and low rainfalls are projected to decrease. Downstream at Yarragil Formation during mid-century mean annual rainfall is projected to fall by 15 and 12 % under scenarios A2 and B1.
At Baden Powell, projected rainfall scenarios of the catchment for late this century varied significantly for scenarios A2 and B1 ( Fig. 6a and b) , with mean annual rainfall reduction of 24 and 12 % respectively (Table 4) . Across the catchment, rainfall projected under scenario B1 is similar to changes projected during mid this century while under scenario A2, further reduction of rainfall is projected. At Marradong during late century, projected mean annual rainfall reductions are 23 and 12 % for scenarios A2 and B1. Mean annual rainfall reductions under scenarios B1 and A2 for Saddleback are 11 and 22 % whereas for Yarragil the figures are 12 and 27 %.
Spatial variation of rainfall
The spatial distribution of mean annual rainfall over 20-year time periods and changes across the catchment are presented in Fig. 7 . From the top end of the catchment, approximately two thirds of the catchment experienced below 700 mm mean annual rainfall during the past and recent times ( Fig. 7a  and b) . Mean annual rainfall decreased during recent times, varying 3-30 mm across the catchment from east to west (Fig. 7k) . In general, a low rainfall reduction happened in lower-rainfall areas while high rainfall reduction happened in high-rainfall areas, though the spatial distribution of rainfall change is different from the distribution of mean annual rainfall. The reduction of rainfall shows a gradual increase from the northeast corner towards the southwest end of the catchment in absolute terms (Fig. 7k) .
The spatial distribution of projected mean annual rainfall for mid this century under scenarios A2 and B1 indicates further expansion of lower-rainfall areas from east to west, resulting in a contraction of high-rainfall areas ( Fig. 7c and  d) . Also, very high rainfall areas (1000 mm and above) disappear from the catchment area. Figure 7g and h show that a reduction of 0-150 mm of mean annual rainfall projected during mid this century compared to the past. The distribution of projected rainfall for late this century under scenario B1 is similar to that of during mid this century, but very different under scenario A2, indicating further reduction of rainfall across the catchment. During late this century under scenario A2, a reduction of 0-275 mm of mean annual rainfall is projected across the catchment (Fig. 7i) . However, the distribution of reduction of projected rainfall varies from east to west as low to high, following the rainfall distribution pattern which is slightly different from the observed rainfall reduction distribution pattern.
Temporal variation of rainfall
The probability of exceedance of annual rainfall for observed (historical, past and recent) and projected periods for the scenarios at the four gauging stations across the catchment is presented in Fig. 8 . The figure also presents variation of rainfall of different magnitude from the corresponding contributing catchment at the gauging stations over time. Here, high rainfall is referred to as the rainfall that has a percentage time of annual rainfall exceedance (PAE) of 0-25, while medium rainfall has a PAE of 26-75 and low rainfall has a PAE of 76-100 (Fig. 8) . Across the catchment, high, medium and low rainfall varied differently in magnitude, following a pattern of change. For example, at the catchment scale at Baden Powell, high rainfall (PAE of 0-25) has decreased, low rainfall (PAE of 76-100) has increased, while medium rainfall (PAE of 26-75) has changed little in recent times. In general, greater reduction of rainfall is observed for higher rainfall with increasing magnitude of reduction from PAE of about 50 upwards. Across the catchment, low rainfall (PAE of 76-100) varied differently compared to medium and high rainfall -in fact low rainfall increased variably across the catchment. During mid-century, compared to the past, all annual rainfall including low annual rainfall is projected to decrease across the catchment for scenarios A2 and B1 with different magnitude (Fig. 8) . The PAE of projected rainfall during mid-century at the gauging stations is very close for scenarios A2 and B1 except at Marradong Road Bridge. Higher reduction of all (high, medium and low) annual rainfall is projected under scenario A2 for the contributing catchment at Marradong compared to scenario B1. The gap (reduction magnitude) between recorded recent annual rainfall and projected annual rainfall widened from high to low rainfall varying across the catchment which is different from the observed pattern. It is understood that the projected pattern of PAE of changing rainfall may not necessarily follow the observed pattern of PAE but the projected pattern hints at some limitations of the data. An explanation of this limitation could be the presenting of GCM-derived rainfall data as an ensemble mean. It is argued that the ensemble mean in most cases does not reflect the individual pattern of each member of the ensemble. From Fig. 6 it is observed that each GCM has a tendency to generate an extreme high or low annual rainfall for some different years in a 20-year run period (e.g. 2046-2065). Thus, the ensemble mean annual rainfall of the 11 GCMs' data does not reflect the projected pattern of PAE, rather it is an average value of possible high and low annual rainfall. Also, observation of observed rainfall and hindcast rainfall from Fig. 6 reveals that each GCM has a tendency to generate extreme high or low annual rainfall which is beyond the range of maximum or minimum for that period. Therefore, the PAE presented in Fig. 8 of the projected annual rainfall has upward bias for high rainfall and downward bias for low rainfall. For this reason the gap between observed recent and projected PAE of annual rainfall for mid this century has been widened from low to high rainfall. As a result, apart from the ensemble mean of GCMderived rainfall, a better way of presenting the data is necessary for improved understanding of the GCM-derived rainfall. A bias correction method will enhance further the understanding. During late this century under scenario A2, projected rainfall reductions (high, medium and low) are higher compared to the rainfall under scenario B1. The pattern of PAE for projected annual rainfall for B1 scenario during late this century is similar to that of the mid this century. For scenario A2, a clear downward parallel shift (with lower magnitude) of annual rainfall of PAE line is marked in Fig. 8 compared to observed recent or projected annual rainfall under scenario B1 during late this century. This indicates a straight decline of mean annual rainfall across the catchment. The underlying meaning of this is that the probability of getting a similar amount of rainfall as observed in recent times is projected to decrease significantly during late this century under scenario A2.
Variability of runoff
Historical and projected annual runoff
Observed annual runoff for the historical period and projected mean annual runoff for the mid (2046) (2047) (2048) (2049) (2050) (2051) (2052) (2053) (2054) (2055) (2056) (2057) (2058) (2059) (2060) (2061) (2062) (2063) (2064) (2065) and late (2081-2100) century at four gauging stations of the catchment is presented in Fig. 9 . A summary of observed runoff at the gauging stations for historical , observed past (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) and observed recent (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) periods is presented in Table 5 . The table also shows the changes in mean annual runoff for the observed periods and projected periods (mid and late this century) for scenarios A2 and B1. Mean annual runoff from the catchment at Baden Powell for the historical period is 285 GL (Table 5) and a declining trend of annual runoff was observed with reduction of high flow over time (Fig. 9a) . The catchment experienced substantial runoff reduction in recent times with 14 % reduction of mean annual runoff, from 307 to 264 GL. At Baden Powell at a catchment scale, the reductions of 90th and 50th percentile of annual runoff in recent times are 44 and 10 %, from 692 to 389 GL and from 233 to 210 GL respectively, while the 10th percentile of mean annual runoff increased by around 34 %, from 85 to 114 GL (Table 5) . Overall, higher annual runoff reduction was observed in high rainfall areas of the catchment (downstream) near Yarragil, with medium and low annual flow varied across the catchment over time. At Marradong Road Bridge 11 % reduction of runoff occurred during recent time (Table 5 ). The contributing catchment at Marradong has experienced the highest increase of lower annual runoff in recent times, with the 10th percentile annual runoff almost doubled compared to the past (Table 5) while high annual runoff decreased, and 90th and 50th percentile runoff fell by 50 and 16 %. During recent times, around 10 % reduction of mean annual runoff has been observed at Saddleback Road Bridge with low annual flow increased (10th percentile flow increased by 30 %) while high and medium annual flow decreased. Highest (around 54 %) annual runoff reduction was noticed at Yarragil Formation in recent times, with mean annual runoff fall from 4 to 2 GL where all (including low) flow reduced though low flow reduction (around 1 %) is much less compared to high flow reduction (Table 5) .
Projections of runoff indicate further reduction for mid this century in the catchment (Fig. 9a, b) , with mean annual runoff fall by 36 and 31 %, 90th percentile of annual runoff fall by 40 and 35 %, and 50th percentile of annual runoff fall by 43 and 41 % under scenarios A2 and B1 respectively (Table 5). At Baden Powell, contrary to observed changes, low runoff is also projected to decrease, with 10th percentile annual runoff decrease by 54 and 34 % under scenarios A2 and B1 (Table 5) . At Marradong Road Bridge during mid this century mean annual runoff is projected to reduce by 41 and 39 % under scenarios A2 and B1 respectively, mostly from the reduction of medium annual runoff with a 50th percentile annual runoff fall by 52 and 53 % (Table 5) . At Saddleback Road Bridge annual flow is projected to decrease (Fig. 9e,  f) with reduction of all high, medium and low annual flow under both scenarios A2 and B1 (Table 5 ). During mid this century, mean annual runoff from the contributing catchment at Yarragil Formation is projected to decrease significantly compared to the observed past for both scenarios, A2 and B1.
During late this century (2081-2100), all annual runoff is projected to fall significantly under scenario A2 -the mean by 74 %, the 90th percentile by 77 %, the 50th percentile by 79 % and the 10th percentile by 80 % (Table 5) . Under scenario B1, all annual runoff is projected to fall -the mean by 38 %, the 90th percentile by 50 %, the 50th percentile by 34 % and the 10th percentile by 34 % (Table 5) . At Marradong Road Bridge during late this century further reductions of annual runoff are projected, with mean annual runoff reduction of 76 and 45 % under scenarios A2 and B1, mostly from the reduction of high and medium annual runoff (Table 5). At Saddleback Road Bridge during late this century under scenario A2, greater reduction of all annual flow (high, medium and low) is projected, with mean annual flow reduction of around 69 % compared to the past. Runoff is also projected to reduce substantially at Yarragil Formation, particularly under scenario A2 during late this century, with mean annual runoff decrease of 93 % compared to the observed past. 
Spatial variation of runoff
The spatial distribution of mean annual runoff over 20-year timescale for the observed and projected periods is presented in Fig. 10 . The figure also shows absolute differences of mean annual runoff between observed past and recent times and for projected periods with respect to the past (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) . In general, like rainfall, runoff varied across the catchment from east to west as low (20 mm) to high (160 mm). But unlike the rainfall distribution, runoff had internal variation in distribution across the catchment, influenced by the river network and vegetation. Observed runoff reduction (0-45 mm) during recent times varied across the catchment from west to east following the observed runoff pattern (Fig. 10k) . During mid-century, around 0-100 mm runoff reduction is projected across the catchment for scenarios A2 and B1, compared to the past ( Fig. 10g and h ). The projected runoff reduction pattern is similar to that of the observed reduction pattern. Varying across the catchment, 0-130 mm reduction of mean annual runoff is projected under scenario A2 during late this century (Fig. 10i) . These results almost see a disappearance of high runoff areas at the lower end of the catchment (Fig. 10e) . Reductions for scenario B1 during late century are similar to the reductions projected during midcentury (Fig. 10j) .
Temporal variation of runoff
The probability of exceedance of annual runoff for observed and projected periods at each gauging stations is presented in Fig. 11 with different time slices which also shows the temporal variability of runoff over the time periods. At the catchment scale at Baden Powell (Fig. 11a, b) , high annual flow decreased significantly during recent times compared to the past, from 1092 to 630 GL, while medium flow remained similar and low flow increased slightly. Change of flow over time (past to recent) across the catchment is not uniformrather, it varies across the catchment. In the low-rainfall part of the catchment at Marradong Road Bridge (Fig. 11c, d ) and Saddleback Road Bridge (Fig. 11e, f) , reduction of high flow in recent times is relatively small in proportion compared to the high-rainfall part of the catchment at Yarragil Formation, (Fig. 11g, h ). High flow fell from 506 to 334 GL at Marradong Road Bridge, from 247 to 163 GL at Saddleback Road Bridge and from 13 to 4 GL at Yarragil. Also, in the low-rainfall part of the catchment, medium flow did not change much and low flow increased slightly in recent times compared to the past. On the other hand, in the high-rainfall part of the catchment, medium flow decreased significantly in recent times while low flow changed very little in recent times. During mid this century (2046-2065) for both scenarios, the pattern of projected ensemble mean annual flow across the catchment is similar. Across the catchment, except for Yarragil, the higher reduction of high annual flow is expected compare to that of recent times (Fig. 11a, c, e) . At Yarragil, high annual flow is projected to remain similar to the observed recent (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) but projected to decrease compare to observed past (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) under both scenarios during mid this century (Fig. 11g ). Medium and low flows are projected to decrease across the catchment under both scenarios during mid this century. During late this century (2081-2100) across the catchment, all annual flows (high, medium and low) are projected to fall significantly under scenario A2 (Fig. 11b, d, f, h ). Higher reductions are projected in the highrainfall part of the catchment. Also under scenario B1, all annual flows are projected to fall across the catchment. In general, during late this century all projected annual flows (high, medium and low) under scenario A2 are significantly lower compared to annual flows under scenario B1.
Throughout the catchment at the gauging stations a reduction of rainfall has resulted in a 3-4 times higher reduction of runoff during mid and late this century. This can be explained through the water balance components of the LUCI-CAT model. The components of catchment water balance as captured in the model are rainfall, soil evaporation, transpiration, interception, storage change and stream flow. A summary of catchment water balance components for observed and projected periods is presented in Table 6 . Transpiration and soil evaporation are the two largest components of water balance, followed by interception. Contributions of these three components in the water balance were 90 % during the observed past (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) and 91 % during observed recent (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) and the last decade. During recent time, interception, soil evaporation and transpiration components were 91 % of overall water balance and a decrease in rainfall amount caused a decrease in runoff (as well as interception and transpiration) keeping groundwater storage unchanged. During mid this century (2046-2065) for both scenarios, interception, soil evaporation and transpiration components contribute 94 % of overall water balance and a decrease in rainfall mostly resulted in a decline in groundwater storage and runoff and a proportional decrease of other components of water balance as well. During late this century (2081-2100) under scenario A2, interception, soil evaporation and transpiration contribute 99 % of overall water balance. Hence, further decrease in rainfall is projected to result in a significant decrease in runoff and more reductions in groundwater storage. Analysis of LUCICAT water balance components shows that interflow comprises the majority of stream flow (70-80 %) followed by surface runoff (around 20 %) and baseflow (3-20 %) in SWWA (Kitsios, 2009 . LUCICAT water balance results of the previous study (Kitsios, 2009 and the projected runoff changes found in this study confirm that each of the water balance components of stream flow would decrease in the future resulting in decreasing groundwater storage with interflow still the largest contributor of the future stream flow. A significant decline of interflow (from 43 to 72 %) and surface runoff is the main contributor to lower stream flow in the future. Reduction of baseflow (up to 43 %) would be linked to a decline in conceptual groundwater levels, changes in groundwater storage and soil moisture across the catchment under a future climate regime which subsequently may lead to a reduction in baseflow, stream zone saturated areas and surface runoff.
During the last 60 years or so, there have been major shifts in the structure of large-scale circulation of global atmosphere (Frederiksen and Frederiksen, 2007) and significant reductions in rainfall observed across SWWA (Smith, 2004; Nicholls, 2007; Bates et al., 2008; Frederiksen et al., 2011a, b; Risbey, 2011 ). Frederiksen et al. (2011c related reduction in rainfall in SWWA since the mid-1970s, to changes in growth rate and structures of leading storm track and blocking modes. During winter, considerable reductions in growth rates of the leading storm track modes were observed across the southern part of Australia between 1949 -1968 and 1975 -1994 which continued into 1997 -2007 (Frederiksen et al., 2011c . Frederiksen et al. noted that in recent times storm activity moved from latitudes of subtropical jet to latitudes of polar jet, and reductions in rainfall of SWWA since the mid-1970s are consistent with these changes in storm activity.
In addition, there might be some other factors causing lowering groundwater tables and runoff reduction in recent times in the Murray-Hotham catchment. Based on the findings from Figs. 7, 10 and 11, reasons of reduction runoff could be the reduction in rainfall quantity, intensity and absence of extreme weather events that could produce high rainfall and subsequent high runoff. The consequence of these three factors has a significant effect on catchment hydrology in the runoff generation process with further reduction of runoff in the catchment. For example, a lower number of all these three events contributes to lower water tables, consequently lower saturated areas which could produce saturation excess runoff. Thus, a lower water table results in a decrease of direct discharge to streams in the form of base flow. Also, interception and evaporation losses are higher for lower intensity events and in terms of proportion, evapotranspiration losses are higher for lower intensity rainfall events due to the demands of vegetation, resulting in less runoff. Silberstein et al. (2011) found that a drier hotter climate and legacy of historical (before 1975) forest management are major causes of stream flow decline since 1975 in catchments in the northern Jarrah Forest of SWWA. Their analysis of 18 catchments found that many streams that were once perennial are now ephemeral and now have longer periods without flow. Other causes of stream flow decline in recent times, particularly during the last decade, include the effect of drought years (e.g. 2001 and 2006) , progressive loss in connection between groundwater and streams and reduced rate of groundwater recharge.
Future projection for water resources planning
Although water resources managers and policy makers are interested to know about climate change impact on rainfall and runoff in the longer term, they are more interested to know about impact in the shorter term (e.g. decadal). In this section, decadal changes of rainfall and runoff are presented particularly to meet the need for water resources managers and policy makers with the aim of developing a tool which would be useful for planning future water resources. The decadal mean of annual rainfall reduction and corresponding runoff reduction across the catchment at the four gauging stations is plotted (Fig. 12 ) for observed and projected periods under the scenarios, considering 1961-1970 as base period. Each point in Fig. 12 is a decadal change of runoff with respect to decadal change of rainfall at a particular gauging station. From the plot, for a particular change in future rainfall from a contributing catchment at a gauging station, the likely change of future runoff at the gauging station can be calculated in the decadal time period. For example, at Saddleback Road Bridge, 10 % reduction of mean annual rainfall (compared to the past, 1961-1970) will result in around a 40 % reduction of runoff. As the amount of mean annual rainfall and runoff for the past are of known quantity (Table 1), the corresponding quantity for any desired assumption can be calculated. Hence, Fig. 12 could be used as a tool for water resources planning.
In Fig. 12 , a strong relationship is observed between rainfall reduction and corresponding runoff reduction, though the relationship is not uniform across the catchment over time. Highest runoff reduction is observed at Yarragil Formation and in terms of time period, highest reduction of rainfall is observed during the last decade. The second highest decadal rainfall reduction across the catchment was observed during 1971-1980 and after that, for the next two decades, rainfall reduction was relatively lower (Fig. 12) . Hence, as rainfall and runoff reduction are not following a continuous trend of increasing or decreasing over time across the catchment, it is hard to make a projection for the future likely scenario of rainfall and runoff based on the observed data except with GCMs. Apart from for Yarragil, the decadal rainfall runoff reduction relationship is consistent across the catchment. At Yarragil, runoff reductions are relatively higher during the 1980s and 1990s. Across the catchment at the four gauging stations the average runoff reduction is 4.41 times the rainfall reduction. This supports the findings of other similar studies for catchments in Western Australia Kitsios et al, 2009; and Smith, et al., 2009) and in Australia as a whole (Chiew, 2006) .
Under scenario B1, during mid and late this century, decadal mean annual rainfall is projected to decrease by from 12 to 20 % and corresponding runoff is projected to decrease by from 40 to 80 %. As noted in Sect. 4.4, as for observed, higher runoff reduction is projected in the high-rainfall part of the catchment (at Yarragil Formation). For scenario A2, during mid this century, rainfall and runoff reduction projections are similar to that of B1 for the same period. But further higher rainfall and runoff reduction are projected for late this century for scenario A2 with the decadal mean annual rainfall reduction ranging from 25 to 35 % and corresponding runoff reduction from 75 to 98 % across the catchment. The ratio of projected decadal reduction of runoff to rainfall across the catchment under scenario A2 is 3.02, slightly less than the ratio under scenario B1 (3.44) (Fig. 12) . But, under scenario A2, particularly during late this century, the percentage reduction of rainfall and runoff goes far beyond the already observed changes and also the projected changes for mid-century, resulting in a very dry catchment. Overall, runoff reduction compared to rainfall reduction is projected to decrease (3.02 and 3.44) during mid and late this century compared to the observed ratio (4.41) due to further drying out of the catchment.
Uncertainty and its practical implication
There are considerable uncertainties involved in different stages of the overall process of hydrological impact assessment of climate change on water resources at the catchment level, particularly using GCM data. Future rainfall and runoff scenarios developed here (Figs. 6 and 9) show that the range of rainfall and runoff varies widely. In climate change impact studies, GCMs are the largest source of uncertainty (Wilby and Harries, 2006; Nóbrega et al., 2011; . Also, choice of downscaling techniques can significantly affect the outcome of hydrological impact studies and are a large source of uncertainty (Coulibaly, 2008; Dibike and Coulibaly, 2005) . In addition, selection of the hydrologic model, appropriate model parameterization, understanding the assumptions and limitations of the model and estimates of uncertainty associated with the modelling approach play significant role in climate change impact studies (Surfleet et al., 2012) . Here, for simplicity of the study, evapotranspiration and vegetation cover in the catchment for future periods are assumed to remain similar to that of the historical period. Also, we have not considered the effect of increased level of CO 2 emission, increase in temperature, changes in humidity and wind speed on the hydrologic process of the catchment under the scenarios (A2 and B1). Fu et al. (2007) found that stream flow response to rainfall changes is non-linear and also that a temperature change has a significant effect on stream flow changes in a catchment. In this study we did not consider the effect of temperature changes on runoff change under the climate scenarios. Hence, critical evaluation is required to use the results of hydrological impact study for water resources planning as the results involve considerable uncertainties. Therefore, instead of using a single model output, a multi-model ensemble approach is adopted in most of the recent impact studies to address the uncertainties. With the ensemble approach, rainfall and runoff series generated by a combination of GCMs provide a better picture of possible future change and variability of a rainfall and runoff regime, which is particularly useful for water resources managers (Coulibaly, 2008) . However, Arnell (2011) argues that the ensemble mean is not an appropriate generalized indicator of hydrologic impact of climate change as the ensemble mean cannot reflect clustering of results in projected changes of runoff. To make better informed decisions, a reliable method to minimize uncertainty is necessary. Development of an approach to reduce uncertainty of GCM-derived rainfall and runoff at the catchment scale is currently in progress in association with this study.
Conclusions
The hydrologic impact of 21st century climate change on rainfall-runoff of the Murray-Hotham catchment has been assessed by adopting a multi-model ensemble approach, using 11 downscaled and bias-corrected GCM data sets for emission scenarios A2 and B1, where each of the models is an ensemble member. Calibration results of the model indicate that the model is well calibrated at all the gauging stations and that the model is capable of depicting the climate change trend (from high runoff in the past to recent decline in runoff). The rainfall runoff plot shows that runoff rate across the catchment changed significantly during the last five decades, varying across the catchment. Overall, annual rainfall and runoff across the catchment decreased in recent times compared to the past period mostly due to the lack of high-rainfall event in recent times. Derived rainfall and runoff scenarios for mid and late this century draw a broader picture of possible change and variability of rainfall and runoff in the catchment as represented by the climate models and emission scenarios, A2 and B1. To address uncertainty (variation) among the GCMs and understand the change in rainfall and runoff, results have been presented as ensemble mean, 10th and 90th percentile, and range (of maximum and minimum).
The ensemble mean, including the range of annual rainfall and runoff across the catchment, is projected to decrease during mid and late century, under the emission scenarios. During mid this century, when the A2 and B1 emission scenarios are similar, the rainfall and runoff reductions are similar, but during late this century the reductions are greater for emission scenario A2 compared to B1. The spatial distribution of projected rainfall and runoff shows that higher rainfall and runoff reductions are projected to occur in the higher-rainfall part of the catchment, in the downstream areas, which are similar to that of the observed rainfall and runoff reduction pattern. Overall, all (high, medium and low) rainfall and runoff is projected to decrease during mid and late this century in the catchment compared to the past. The projected runoff reduction is higher compared to rainfall reduction under both scenarios, resulting in a drier catchment. Water balance components for observed and projected periods indicates that significant reductions in groundwater storage changes are projected to occur during mid and late this century, which means a significant lowering of groundwater level. Lower water level thus is a major cause of declining runoff in the future with a decline in rainfall. Other reasons for rainfall and subsequent runoff reductions in the catchments are changes in storm track, lack of high-rainfall event and changes in catchment hydrology (e.g. lower groundwater level, lower inter-flow etc.). Although the derived rainfall and runoff using GCM data have varied in a wide range in magnitude, most of the GCMs have shown some degree of agreement in climate signs, with a reduction of rainfall and runoff in the catchment for the future. Hence, considering the variability among the ensemble members, the results can be useful for water resources managers and policy makers in planning water resources.
Results of this study indicate that the recent declining trend of rainfall and runoff in SWWA is likely to continue during mid and late this century, resulting in lower flow to the dams and a subsequent lower availability of surface water. Hence, water resources managers and policy makers will have to rely more on groundwater, desalination or other sources of water (e.g. recycling) for Perth water supply. The plot of decadal change of rainfall and runoff for observed and projected periods at each gauging station is likely to be useful to the water resources managers and policy makers in planning future surface water resources in SWWA. Each point in the plot is a decadal change of runoff with respect to decadal change of rainfall at a particular gauging station. This plot presents how rainfall and runoff has changed in a contributing catchment during the observed period during a decade and how the rainfall and runoff would change as represented by the GCMs and climate scenarios (A2 and B1). From the hindcast data, it is observed that GCM-derived annual rainfall and runoff have a tendency for extreme high or low value (which is much higher or lower) beyond the observed range in a particular time period. Hence, considerable bias remains in the findings in this study. Also, when presenting annual rainfall and runoff data to look for the probability of annual exceedance, it is inferred that the ensemble mean has upward and downward bias for higher and lower values for rainfall and runoff respectively. Thus, variation among GCMs in sign and magnitude, when presenting data as ensemble mean (in probability of annual exceedance), are key limitations observed in this study. In addition, the downscaling technique, hydrologic model selection and model parameterization remain as usual sources of uncertainties as in most climate change impact studies. Therefore, considerable uncertainty is involved in the findings, and to make the findings more credible for use in real-life decision making, reduction of uncertainty is necessary. Post-processing bias correction of GCM-derived rainfall and runoff can be performed to reduce uncertainty, and development of a post-processing bias correction method is in progress along with this study. A detailed investigation of the elasticity of runoff changes can be carried out to understand the likely hydrologic changes of a catchment due to lower rainfall in the future. Performance of the GCMs could be evaluated by comparing observed rainfall and runoff with hindcast rainfall and runoff. This would help in selecting high-performing GCMs in this catchment and an ensemble of high-performing GCMs could attract better confidence than the ensemble of all GCMs in representing the hydrologic impact of climate change.
